Effects of La substitution on superconducting state of CeCoIn 5 
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We report effects of La substitution on superconducting state of heavy fermion superconductor 
CeCoIns , as seen in transport and magnetization measurements. As opposed to the case of conven- 
tional superconductors, pair breaking by nonmagnetic La results in depression of T c and indicates 
strong gap anisotropy. Upper critical field H C 2 values decrease with increased La concentration, but 
the critical field anisotropy, 7 = H^ijHci^ does not change in the Cei-^La^CoIns (a;=0-0.15). The 
electronic system is in the clean limit for all values of x. 

PACS numbers: 74.70.Tx, 74.25.Bt, 74.62Bf 



I. INTRODUCTION 

Heavy fermion superconductors have been extend- 
ing for more than two decades the affluence of physi-. 
cal phenomena associated with Cooper pair formation.EJ 
The competition between magnetism and superconduc- 
tivity for the same Fermi surface of heavily renormal- 
ized carriers resulted in observations of unconventional 
superconductivitycrcl and raised speculations that-spin 
pairing might be mediated by magnetic interaction.cl Re- 
search in the field was associated with difficulties in 
sample preparation, sample to sample variation, experi- 
mental conditions and ultimately, in the number of ex- 
amples where relevant physical phenomena can be ob- 
served in a clean form. The recently discovered CeMIn 5 
family (M=Ir, Rh, Co) of heavy fermion superconduc- 
tors encapsulates many aspects of .important physics in 
this class of materials. CeRhlnsU superconducts un- 
der applied pressures above 17 kbar with T c around 
2 K whereas Celrln^ and CeCoInsQ are ambient pres- 
sure superconductors. CeCoIns offers clean example of 
ambient pressure heavy fermion superconductivity with 
a remarkably high T c =2.3 K. The intriguing proper- 
ties of CeCoIn5 led to speculation that it may exhibit 
d-wave superconductivityJfm'E9 and Fulde-Eerrel-Larkin- 
Ovchinnikov state in high magnetic fields.Eil In order to 
have more insight into the nature of CeCoIns we per- 
turbed its superconducting state by substituting La onto 
the Ce site. For the purpose of comparing influences 
of magnetic and nonmagnetic pair breaking on T c sup- 
pression, we also substituted 5% of Nd on Ce site. We 
find that the anisotropy in the upper critical field does 
not change in the whole concentration range and that 
the decrease of T c with increased La doping cannot be 
explained solely with pressure effects due to unit cell ex- 
pansion. In addition, our results present an evidence for 
an anisotropic order parameter in CeCoIns. 

II. EXPERIMENT 

Single crystals of Cei_ a; La 2 ;CoIn5 were grown Jpy the 
self flux method in a manner previously described. Crys- 



tals grew as thin plates with the c axis perpendicular 
to the plate. Removal of In from the surface was per- 
formed by etching in concentrated HC1 for several hours 
followed by thorough rinsing in ethanol. All samples 
obtained with this process showed no signs of In con- 
tamination. Powder X-ray patterns showed that samples 
crystallized in HoCoGa5 structure without any additional 
peaks introduced by La alloying. In addition, magneti- 
zation measurements provided a more sensitive test of 
possible presence of magnetically ordered second phases. 
Both as grown and etched samples showed no sign of an- 
tiferromagnetic transition of Celn3. Electrical contacts 
were made with Epotek-H20E silver epoxy. In-plane re- 
sistivity was measured in Quantum Design MPMS and 
PPMS measurement systems from 0.35 to 300 K and in 
fields up to 90 kOe applied parallel and perpendicular 
to the c-axis. There is uncertainty in nominal resistivity 
values associated with sample geometry and uneven sur- 
faces of etched samples. We measured several samples 
for each concentration in order to reduce measurement 
error which allowed us to estimate uncertainties in nom- 
inal values as well. The dimensions of the samples were 
measured by high precision optical microscope with 10/im 
resolution and average values are presented. Randomly 
chosen samples within each batch had no difference in 
their R(T) curves. Magnetization measurements were 
performed in MPMS- 7 Quantum Design magnetometer 
in the magnetic field of lOkG, applied parallel and per- 
pendicular to c axis. 



III. RESULTS 

The results of powder X-ray diffraction measurement 
taken at room temperature are summarized in Table 1 
and shown in Fig. 1, together with the unit cell volume 
of LaCoIn5 . As expected, La doped samples have larger 
unit cell volume. The volume increase in the concentra- 
tion range x — — 0.175 is consistent with expansion 
of the unit cell as La substitutes Ce in accordance with 
Vegard's law. 

Fig. 2 shows the magnetic susceptibility for 
Ceo.gsNdo.osCoIns, Ce .85La .i5CoIn 5 , and CeCoIn 5 , 
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FIG. 1: Unit cell volume of Cei^La^CoIns (x=0-0.175, 1) 
shown toghether with unit cell volume of Ceo. gsNdo.os Coins 



taken in the applied field of lOkOc. In the whole 
temperature range above T c , the substitution of mag- 
netic Ce 3+ by nonmagnetic La 3+ reduces susceptibility 
values in La doped sample when compared with un- 
doped CeCoIns. Comparison of high temperature mo- 
ments through Curie- Weiss analysis of the polycrystalline 
susceptibility average at high temperatures shows that 
approximately 14% Ce ions were substituted with La. 
No quantitative difference from undoped CeCoIn5 was 
detected in high temperature susceptibility of 5% Nd 
doped sample. Low temperature magnetic susceptibil- 
ity of Ceo.ssLao.isCoIns does not reveal any difference 
in Curie tail from pure material, thus ruling out Koirdo- 
hole interpretation of La dilution (Fig. 2 inset) £3 We 
also see broadening of the -plateau-like feature in \c in 
Ceo.ssLao.isCoIns ascrib-edo to thermal depopulation of 
Ce 4f levels. On the other hand, Nd impurities con- 
tribute to pronounced Curie tail at low temperatures. 
Subtraction of magnetic susceptibility of CeCoIns from 
Ceo.95Ndo.o5CoIn 5 in the normal state below 10K is con- 
sistent with approximately 8% of Nd 3+ paramagnetic 
moment, result close to nominal stochiometric value and 
within rough approximation of our analysis. 

Temperature dependent electrical resistivities normal- 
ized to their value at 300 K for Cei-^La^CoIns and 
Ceo.95Ndo.o5CoIn5 are presented in Fig. 3a. There are 
several key features to notice. Resistivities of all sam- 
ples are weakly temperature dependant at high temper- 
atures, and they pass through a maximum as tempera- 
ture is decreased. This behavior is traditionally inter- 
preted as a crossover from incoherent Kondo scattering 
to coherent Bloch states of heavy electrons in the Kondo 
lattice. In the case of CeCoIri5 this drop, at least par- 
tially, could be attributed to depopulation of crystalline 
electric field levels. We observe decrease of T max for 
higher La concentrations (Fig. 3a inset). At low tem- 
peratures, there is a clear suppression of T c as more Ce 
ions are replaced by La (Fig. 3 inset). The increase of 
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FIG. 2: Magnetic susceptibility of Ceo.ssLao.isCoIns, 
Ceo.gsNdo.osCoIns and CeCoIns. Low temperature suscep- 
tibility (inset) shows pronounced Curie tail with 5% of Nd 
substitution but no difference for 15% La substitution. 



the normal state residual resistivity po is probably due to 
disorder which contributes to increased conduction elec- 
tron scattering. On the other hand, the resistive tran- 
sition width sharpens with La alloying. It is interesting 
to note that Cei-^La^CoIns is not in the well defined 
Fermi liquid regime above T c : the p(T) curves above 
T c do not show signs qLT 2 dependence, as it has been 
reported for CeCu2Si2-li3 Depression of T c in CeCoIns 
seems to scale with po values for both magnetic and non- 
magnetic dopants, as seen by comparison of the p(T) data 
of Ce .95Ndo.o5CoIn 5 and Ceo.98La .o2CoIn 5 . 

Fig. 4 shows the anisotropic upper critical field for 
Cei-aLa^CoIns, normalized to transition temperature in 
zero field for each value-nf x (values for x — were taken 
from previous report). Eil The H c2 data were determined 
as a midpoint between onset and zero in resistivity from 
p(T) curves at constant field and p(H) curves at constant 
temperature. Adding La impurities results in depression 
of Hc2, however, anisotropy 7 = H^ 2 /H^ 2 remains at the 
same value of 7 ss 2 (inset in Fig. 4) . Uncertainty in our 
estimate of 7 decreases for higher field data, away from 
H=0 transition (T/T c ral). 

Assuming that Fermi surface properties of doped mate- 
rial do not change substantially in the dilute La limit ,Ej it 
is reasonable to assume inverse proportionality between 
p and I, and therefore values of lo could be estimated 
from po for the whole doping series (Iq = using the 
the value of constant A from reported Iq and pq values 
for pure material.!!^ We obtain Iq ~ 540A for CeCoIn5 
without La impurities. Fig. 5 shows the ratio of mean 
free path lo to in-plane superconducting coherence length 
£ (£ 2 (T) = <$> /2nH c2 (T)) for Cei-^La^CoIng obtained 
at T=T c /2. In the whole doping range electronic system 
is in the clean limit which could explain nearly constant 
valueof 7 = ff c yff c c 2 . 

A comparison of the effects of La substitution on T c 
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FIG. 3: (a) Electrical resistivity p normalized to its value at 
300 K vs. temperature for Cei-ajLa^CoIns for x = 0, 0.1 and 
0.175. T m ax is shifted to lower temperatures with increased 
La substitution (inset) (b) Low temperature resistivity shows 
depression of T c and increase in po- 
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FIG. 4: Anisotropy in the upper critical field H C 2 for 
Cei-^La^CoIns (x = 0-0.15). Inset shows value of 7 
= Hc2/Hc2 vs.T c /T c (H=0) for varous La concentrations: 
x=0.02 (circles), x=0.05 (up triangles), x=0.075 (down tri- 
angles), x=0.15 (diamonds). 
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FIG. 5: Ratio of mean free path (1) to coherence length (£) 
for Cei-xLa^CoIns. Electronic system is in the clean limit 
already at T=T c /2 for La concentrations x = 0-0.15 
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FIG. 6: Comparison of La doping on T c of CeCoIns (this 
work) and CeCu2.2Si2 (ref. 18). Inset shows increase in po of 
Cei-irLa^CoIns caused by La substitution. 



in CeCoIri5 and CeCu2.2Si2 is shown on Fig. 60 Dop- 
ing results in depression of T c in both cases but CeCoIn 5 
is more robust to pair breaking arising from La impuri- 
ties. The initial rate of T c suppression is smaller than 
the rate seen in CeCu2. 2 Si 2 : [(0.056T C )/(1% of La sub- 
stitution) in CeCoIn 5 vs (0.085T C )/(1% of La substitu- 
tion in CeCu2.2Si2)]- La doping in CeCoIns is associ- 
ated with only modest increase in nominal residual re- 
sistivity values po, shown in Fig. 6 inset. The po values 
for x = (^bpVLcm) in our experiment are in between 
values reported previously in literature (3.1/if2cmli3 and 
~7/xficnl3). 
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IV. DISCUSSION AND CONCLUSIONS 

The slope of H c2 vs T curve at T c can be used to 
estimate zero temperature orbital critical field H c2o (0) 
using the weak - coupling formula for conventional su- 
perconductors in Werthamer-Helfand-Hohenberg model 
(WHH): H c2o (0) w 0.7(H' c2 )T e !B Table 1 shows esti- 
mates of H' c2 near T c for doped samples, together with 
previously reported value for x = for both crys- 
talline directions .E2l All investigated samples have high 
initial slopes, aSrexpected in the case of heavy fermion 
superconductors.Eil'E3 Values of H c2o (0) decrease with in- 
troduction of La impurities (Table 1). The paramagnetic 
limiting field H p (0) = (jlbV2~{ where Ao is energy 
gap at T=0 and \ib is Bohr magneton) for pure CeCoIn 5 
(T C =2.3K) is well below the orbitaLcxitical field H c2o (0) 
for either s-wave (A =j-3.52kBT c )^3 or d-wave pairing 
state (A = 2.Uk B T c )^5 and our results indicate that 
this unusual situation is valid for investigated La dop- 
ing range. We note that experimental values of upper 
critical field for Cei-zLaz Coins (x=0-0.15) samples are 
most likely below the values obtained by applying WHH 
model (Table 1), probably due to polarization of mag- 
netic sublattice due to enhanced internal field along both 
crystalline axis. 

It has recently been reported-that T c in CeCoIn 5 in- 
creases under applied pressure.Eij Negative chemical pres- 
sure should cause some decrease in T c . In the lack of 
better approximation, we take bulk modulus of CeCoIns 
to be the same as the one for Celn3 (650kbar)j2a and 
we calculate approximate chemical pressure (P chemical) 
for each La concentration using V %y ~650kbar. The 
results are shown in Table 1. Depression of T c occurs 
at a rate w 0.43 K/kbar - a slope that is an order 
of magnitude larger than reported increase of T c under 
hydrostatic pressure. An order of magnitude difference 
from pure pressure effect on T c is likely to exceed error 
in estimation of bulk modulus, and therefore points to 
the conclusion that the pair breaking mechanisms which 
enter through disorder due to La alloying and increased 
scattering of Cooper pairs are dominant in CeCoIn5. In 
contrast to conventional superconductors where nonmag- 
netic impurities have small effect on T c , Cooper pairs 
formed in CeCoIn5 are rather sensitive to La doping: 2% 
of La depresses T c to the same value as ~5% of Nd. 

The T c suppression induced by the nonmagnetic La 
substitution in Cei-^La^CoIns is reminiscent of the pair 
breaking effect by magnetic impurities. E£l Although var- 
ious factors may suppress T c (an anisotropic scattering, 
for example) £3 we focus here on the scenario of CeCoIns 
having an anisotropic gap A(fcp) on the Fermi surface. 
This scenario is quite likely given the unconventional na- 
ture in many -heavy- fermion materials. 

It is knownES that if A depends on the position at the 
Fermi surface, the critical temperature is suppressed by 
nonmagnetic scattering according to: 



Here T c o is the critical temperature of the material in 
the absence of all scattering, r is the scattering time by 
nonmagnetic impurities, and a = 1— (A) 2 / (A 2 ) charac- 
terizes the gap anisotropy, (...) stands for averaging over 
Fermi surface, and "0 is the digamma function. For_a. 
weak gap anisotropy, this p^^pit is due to Hohenberg,Ea 
see also later publicationsE3'E2l It can be shown that in 
fact Eq. (1) holds for an arbitrary gap anisotropy .EU For 
isotropic A, a = 0, and we come to Anderson's theorem: 
T c =T c0 . For pure d-wave order parameter, (A) = 0, and 
Eq. (I) describes the d-pair breaking by nonmagnetic 
scattering (which differs from the Abrikosov-Gor'kov re- 
sult only by the factor of 2 in the definition of the pa- 
rameter fl m — h/TTTcT m ). 

To analyze the T c (x) data shown in Fig. 6, one has to 
relate x to the scattering time t, a nontrivial connection. 
We avoid this difficulty by assuming that the residual 
resistivity po is proportional to 1/r. Further, we exclude 
parameter T c o from Eq. (1) by writing it for two values 
of x and subtracting the results: 
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where T± j2 = T c (xi. 2 ) and f3 is a constant to be de- 
termined. Writing this equation for two different pairs 
%i,2 one can determine the unknown a and /3. This 
procedure yields values scattered around a = 0.5 and 
f3 = {).2K/pVLcm. 

Hence, we find a — (A) 2 / (A 2 ) w 0.5 which implies 
a strongly anisotropic gap. Knowing the value of (3 we 
can estimate the scattering time using measured resis- 
tivities; for x = we obtain r = h/2nkBf3p ~ 1.3 rX, 
10~ 12 s. With the electronic specific heat coefficientt£l 
7 = 290mJ/moleK 2 we roughly estimate the Fermi ve- 
locity vf = 7rkB ~ 2 x 10 6 cm/s. This would corre- 

spond to the mean-free path / w 260A, a value smaller 
than expected but within factor of two of our determi- 
nation of mean free path which is reasonable given the 
assumptions of average Fermi velocity and isotropic scat- 
tering. 

In summary, diamagnetic pair breaking effect in 
CeCoIns is consistent with picture of strongly anisotropic 
order parameter. Anisotropy in the upper critical field 
7 = H^ 2 /H^ 2 does not change for x = (0-0.15) in 
Cei-aLa^CoIns, indicating electronic system in the clean 
limit. 
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TABLE I: Properties of Cei-ajLa^CoIns doping series: T c , lattice parameters, unit cell volumes, H C 2'(T), calculated H C 2 O (0) 
from WHH model and approximate chemical pressure Pchemicai due to La alloying. Final row: properties of Ceo. gsNdo. 05 Coins. 
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